Introduction
New generations of SiGe technology require higher frequency response to meet demands in the marketplace (1) . Reducing the base transit time of a hetero-junction bipolar transistor (HBT) is an important way to reach ever higher cutoff frequency (Fmax and Ft) goals (2) . Reducing the base transit time in a SiGe HBT can be achieved by either thinning the base or increasing the ΔEg, the total variation of band gap energy across the base (3) . Thinning the base region can have adverse effects due to boron diffusion, thus the other path forward for new technologies would be increasing the peak germanium concentration. One requirement for the active layer in SiGe HBTs is that the SiGe layer be grown pseudomorphic, or strained. Two problems exist at higher germanium concentrations due to strain. Relaxation of the layer can occur through misfit dislocations in which the strained layer relaxes due to defects in the crystal lattice (4)(5). In the absence of misfits, relaxation can still occur through a changing of the surface morphology of the growth, a switching of growth modes from planar to threedimensional (3D). Non-planar growth has been observed numerous times in SiGe (6)(7) (8) and is well understood for strained alloy growths through the model of Spencer, Voorhees, and Tersoff (9) . Of particular interest from the results of Spencer et. al. is their conclusion that the silicon atoms are relatively immobile on the semiconductor surface due to lower Ge-bond energies relative to Si-bonds (10) . As a result the overwhelming majority of the surface diffusion is mobile germanium. From Spencer (9) Equation 5.12, the growth of the surface perturbations can be written as,
Where
is the initial amplitude of the perturbation. The σ, , and variables are non-dimensional variables introduced in the work of Spencer: σ is proportional to growth rate of the most prominent mode, is proportional to the thickness of the film, and is proportional to the growth rate of the film. This equation expresses the competing mechanisms of strain in the layer and surface free energy, expressed by σ, while also capturing the effect of incoming material flux that serves to stabilize the surface by homogeneous material deposition, expressed by . As the layer grows thicker the increasing strain will increase the growth rate of the surface perturbations. Eventually the stabilizing effect of the influx of material will be overcome by the growth of these perturbations and the change in surface morphology will be evident. The thickness where the height of the perturbations rises above the background roughness of the growth is called the kinetic critical thickness. This kinetic critical thickness can be expressed in terms of the variables in Equation 1, as presented in Spencer Equation 5.14, The kinetic critical thickness is different from, but has similarities to, the classical critical thickness for misfit dislocation. The idea of a kinetic critical thickness was introduced by (11) and continued in work by (12) and Spencer et. al. in (9) . While the kinetic critical thickness has been experimentally measured with respect to alloy composition (7), little experimental work has been done with respect to the new theoretical models to characterize the growth rate of the perturbations with respect to growth parameters, specifically on how the growth temperature and the growth rate of the film affect the kinetic critical thickness, which we will do here.
Experimental Details
The samples in this study were grown in a Oerlikon/Leybold Sirius 300 hot-wall ultra-high vacuum chemical vapor deposition (UHV-CVD) tool installed in-line at IBM in Burlington, VT and described in more detail elsewhere (13) . Wafers are loaded thirty five at a time, for this study the center wafer was chosen for analysis. Temperature across the chamber is monitored with thermocouples and regularly calibrated so that the silicon growth rate is equalized across the boat. Due to the nature of construction of a hot-walled chamber, the deposition occurs on the quartz walls throughout growth. This buildup is not cleaned in-situ for these machines. Rapid temperature changes would cause problems as the thermal expansion mismatch between the quartz and the deposited material can lead to cracking of the quartz wall and loss of vacuum. Therefore the entire growth must be done at the same temperature.
The CVD tool is equipped with silane and germane for alloy growth as well as other gasses for doping. The chamber pressure during growths is not controlled automatically in the tool; rather the different gas flows are controlled by mass flow controllers, and have different partial pressures depending on the turbo-pump speed. Gas constituents are monitored by an in-situ residual gas analyzer (RGA). Prior to these experiments, the Growth rates and germanium compositions were calibrated by x-ray diffraction (XRD) using omega-2theta scans and Bede RADS simulation software. Germanium concentrations were corroborated with Rutherford back scattering (RBS) while layer thicknesses and concentrations were corroborated with a combination of secondary-ion mass spectroscopy (SIMS) and stylus profilometry. Figure 1 is an Arrhenius plot of the growth rates for different SiGe compositions at different temperatures. The silane flow rates for all films were held constant and the germane flows were varied between samples to change alloy composition. For silicon layers, as well as lower composition silicon-germanium alloys, the growth rate is exponentially dependent on temperature with an activation energy of 2.1eV, similar to what is seen elsewhere for temperature dependent, hydrogen limited growth of silicon (14) . As the germanium composition increases the growth rate transitions to mass flow limited growth in this temperature range, in which the growth rate is negligibly dependent on temperature. A transition between these two regions can be seen for 10% Ge. The growths of all layers in this work were targeted at 32% Ge and were done in the mass transport limited growth regime. Thus the growth rate for a given germanium composition was not dependent on temperature but only on total precursor flow rates. Figure 1 . Arrhenius plot showing the dependence of growth rate on reciprocal temperature for different SiGe alloys grown by UHV-CVD. A transition from the temperature dependent, hydrogen reaction rate limited growth regime at low germanium composition to a temperature independent mass flow limited regime for high germanium composition can be seen. Thickness data was collected using XRD and Bede RADS simulation software.
A typical growth procedure began with a dilute HF acid last pre-clean followed by insertion into the load lock then a pump down to UHV. Upon entering the chamber an initial silicon buffer layer was grown 200Å thick before starting SiGe growth, in order to avoid any effects of growth delay and nucleation on the SiGe growth. The silane and germane flow rates were then changed to the desired flow rates without ramping. An immediate response was seen in the silane and germane peaks on the in-situ RGA showing sharp gas flow transitions. No doping was used in these test layers. After the SiGe a thin 40Å Si cap was grown on top of the SiGe layer completing a typical SiGe HBT replica profile of a SiGe layer sandwiched between Si. The structures grown here do not have a ramp in germanium composition as a typical SiGe HBT would be expected to have. However, these structures are of typical germanium concentrations and thicknesses to SiGe HBTs profiles of interest.
Step profiles were grown instead of ramp profiles in order to better compare the results with both theory and results from the literature.
Results and Discussion
By using atomic force microscopy (AFM) both the magnitude and the periodicity of the surface perturbations were measured. Samples used in this AFM experiment were all targeted at 32% Ge. The 3D growth observed consisted of both individual hill-like structures as well as elongated structures. The elongated structures were observed to align along orthogonal <100> and <010> directions as noted previously in literature (6) and seen in Figure 2A . A linear height profile was drawn along the <100> axis (diagonal of Figure 1 ) and a perturbation periodicity of 240nm was measured. A representative profile over 1um is shown in Figure 1b . This wavelength of an average perturbation is in-line with predictions (9) and similar to other reports (6)(8). For a sinusoidal wave, the root mean square (RMS) roughness is proportional to the amplitude of the wave. As a way to compare the growth magnitude, or height, over relatively large areas and between different samples, the RMS values from AFM scans over 10umx10um area were used. Layers of varying thicknesses at varying temperatures were grown using the experimental procedure outlined above, the RMS roughness was measured and shown in Figure 3 . As the growths were all done in the mass flow limited regime, there was no change in precursor flow or growth rate between samples, only growth duration and substrate temperature. All layers, the SiGe layer as well as the silicon buffer and silicon cap, were grown at the same temperature for each sample run. . Figure 4 shows the RMS roughness versus reciprocal growth rate of SiGe layers grown at 530 o C with 300Å target thickness and 32% Ge. To achieve different growth rates while maintaining the same alloy composition the total precursor flow rate of silane and germane was increased while the ratio between the two stayed the same. A linear fit was performed and an r^2 value of 0.988 was obtained, showing a relatively good fit to theory. If the fit was extrapolated out to arbitrarily large film growth rates (yaxis intercept of fit) the film would indeed be smoother, although to a minimum RMS of ~3.3Å, which is above the AFM background level defined in Figure 1 and thus above the kinetic critical thickness. Figure 4 . The dependence of RMS roughness of SiGe box profiles with 32% Ge on the growth rate. Note that the RMS roughness axis is a log scale. Growths were at 530 o C, growth rate change was accomplished by changing total precursor flow rate. Layer thickness of all three layers was targeted at 300Å.
Once growth progresses, the atoms that get buried are essentially bulk and no significant diffusion of atoms is expected to take place at these temperatures. A silicon capping layer has been seen to have a smoothing effect on the surface morphology in literature (6) , which is due to the silicon migrating to the wave troughs as it is deposited. For comparison, we did another growth at 530 o C with a target thickness of 400Å, similar to the roughest sample shown in Figure 3 but without a silicon cap. We found that with a silicon cap the RMS roughness was 28.9Å, while without the silicon cap the roughness rose to 37.6Å confirming the smoothing effect of silicon capping. A further example of the effects of capping can be seen in the micrograph of Figure 5 , where the morphology of the top silicon cap is flatter than the underlying SiGe layer.
In order to better observe the effect that morphology changes would have on a HBT structure a sample was grown with a trapezoid-like germanium composition with 35% germanium at the peak. The film was grown on a substrate patterned with poly-Si on SiO2. The film was grown on a patterned substrate in order to simulate strain fields that exist in a structure more approximating actual HBT device architecture with a sloped germanium profile. Shown in Figure 5 is a TEM micrograph, in which surface perturbations can be seen. A slight waviness in the bulk of the layer can be seen but the predominant feature of the image is a distinct pileup, and then a corresponding thinning, of SiGe at the edge of the pattern where the crystalline layer meets the polycrystalline pattern. This exaggerated thickness feature was seen in all films that exhibited waviness, including some films that otherwise appeared smooth. A likely explanation for this is that there are additional stress fields due to the patterning that affect the growth of the film (15) .
Compositional analysis using energy dispersive x-ray spectroscopy (EDX) was done on the thicker and thinner parts of the perturbations to confirm if any germanium segregation occurred. At the thicker part of the perturbation, marked A), a peak count rate of 800 counts/sec was measured for Ge and the corresponding rate for Si at this point was 300 counts/sec. At the thinner part, marked B), a peak count rate of 700 counts/sec was observed and the corresponding rate for Si was 350 counts/sec. The differences in composition indicated the Ge segregation to the thicker region of the film, in agreement with the theory of Spencer et. al. that mobile Ge atoms are responsible for the surface morphology change. Figure 5 . TEM image of a 35% target peak Ge composition SiGe layer sandwiched between two Si layers. The wafer was patterned with a thin silicon oxide and a thicker poly-silicon layer. Two vertical compositional scans were performed, the position of which are shown as A) and B) in the TEM photo, see text for details.
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As previously noted, the Oerlikon/Leybold Sirius UHV-CVD reactor is a quartz hotwall reactor, and therefore tradeoffs exist with lowering the growth temperature. On the one hand, lowering the temperature will help with morphology but on the other hand it causes the manufacturing throughput to fall off due to growing silicon buffer layers at a much lower growth rate. Based on these CVD growth studies, it was found that lowering the growth temperature, and to a lesser extent, increasing the growth rate of the silicon germanium deposition will reduce the surface roughness of SiGe layers with relatively high Ge contents (above 30 atomic percent).
The growth of 3D islands has generated much interest lately in the application towards quantum dots which are interesting for their electronic (16) and optoelectronic (17) possibilities. Increasing the growth rate of SiGe surface perturbations could be desirable for the growth of SiGe quantum dots. This report has measured the effect that increasing the growth temperature and decreasing the growth rate of the film will have on increasing the growth rate of the 3D growth. The acceleration of perturbation growth rate will decrease the kinetic critical thickness and thus the amount of SiGe material grown before the onset of 3D growth.
